Data are presented on the identification and characterisation of 17 chromosomal integration loci of the insertion element IS901 in the Mycobacterium avium (cervine strain JD88/118) genome. Thirteen of these integration loci have been mapped to their corresponding positions on the M. avium strain 104 (an IS901 3 strain) genome (The Institute for Genome Research (TIGR) unfinished genomesequencing project). Sequence data for both upstream and downstream sequence flanking regions were obtained for 12 insertion loci, while upstream sequence was obtained for five others. A consensus IS901 insertion target sequence compiled from all 17 integration sites was in broad agreement with earlier reports that were based on only two such loci. Analysis of IS901 integration site flanking sequences revealed that, like IS900 in M. avium subspecies paratuberculosis, IS901 inserts preferentially between a putative ribosome-binding sequence (RBS) and the translational start codon of an open reading frame (ORF). In BLAST X and BLAST P searches of the GenBank database, these ORFs were shown to share significant homologies with a number of other prokaryotic genes.
Introduction
The Mycobacterium avium complex (MAC) comprises a heterogeneous group of closely related acid fast organisms that includes M. avium, Mycobacterium intracellulare, M. avium subspecies paratuberculosis (M. a. paratuberculosis), M. avium subspecies silvaticum (the 'wood pigeon' bacillus) and Mycobacterium lepraemurium. Subspecies of M. avium are known to harbour multiple copies of a number of di¡erent genomic insertion elements. Those characterised to date include IS900 [1] IS901/902 [2, 3] , IS1110 [4] , IS1245 [5] , IS1311 (GenBank accession number U16276), IS1626 [6] and IS1612 [7] . Most of these insertion elements are common to strains of M. avium that exist ubiquitously in the environment and only rarely cause disease in immunocompetent hosts. However, unique possession of IS900 or IS901 by M. a. paratuberculosis and certain strains of M. avium respectively, divides the species into at least two clearly distinct biological subtypes which di¡er in terms of their host range and pathogenicity [8] . In the absence of any reports con¢rming the replication of either M. a. paratuberculosis or IS901 þ M. avium in the environment, it is generally assumed that these organisms exist as obligate pathogens. Exposure, usually by ingestion, can result in infection of the intestine leading to chronic in£ammatory enteritis in ruminants and various monogastric species including primates [9^15] . M. a. paratuberculosis in particular has been cited as being of possible aetiological signi¢-cance in Crohn's disease in humans [11, 12, 16, 17] . Given the very close genetic relationship between the di¡erent subspecies of M. avium (up to 98% genomic homology), the genetic basis for these biological di¡erences is unclear. However, the observation that IS901 in M. avium concurs with increased pathogenicity for experimentally infected mice [2, 18] is supported by several reports of insertion element-mediated phenotypic change in other bacterial species (Pseudomonas [19] , Streptococcus [20, 21] , Mycobacterium [22] , Legionella [23] , Escherichia [24] and Yersinia [25] ).
The purpose of this study was to identify and characterise the regions £anking multiple IS901 integration sites on the M. avium genome and establish whether insertion element-mediated disruption of coding and/or regulatory sequences could potentially contribute to phenotypic di¡er-ences relative to IS901 3 strains.
Materials and methods

Bacterial cultures
IS901
þ M. avium (cervine strain JD88/118) was propagated at 37 ‡C on Middlebrook 7H11 agar medium supplemented with 20% (vol/vol) heat-inactivated newborn calf serum, 2.5% (vol/vol) glycerol, 2 mM asparagine, Selectatabs (Code MS 24, MAST Laboratories Ltd, Merseyside, UK), 10% Middlebrook oleic acid-albumin-dextrose-catalase (OADC) enrichment medium (Becton Dickinson, UK) and 2 Wg ml 31 mycobactin J (Allied Monitor, Fayette, MO, USA) for 4^6 weeks.
Disruption of mycobacterial cells and puri¢cation of genomic DNA
JD88/118 cells were harvested and washed three times in distilled water. Washed cells (0.7 g) were resuspended in 10 ml of 4 M guanidinium isothiocyanate [26] and lysed in an Eaton pressure chamber [27] at 10 000 psi in a hydraulic press. The lysate was layered onto 5 ml cushions of 40% (wt/wt) CsCl in TE (10 mM Tris/HCl pH 7.5, 1 mM ethylenediamine tetraacetic acid (EDTA)) and high molecular mass nucleic acid was pelleted through the CsCl at 113 000Ug for 16 h at 20 ‡C. The resulting nucleic acid pellet was collected and resuspended in 5 ml of TE. Excess CsCl was removed by dialysis against 2U500 ml changes of TE for 16 h at 4 ‡C. Cellular RNA was removed by digesting with RNase A (Sigma-Aldrich) at 20 Wg ml 31 for 60 min at 37 ‡C. The DNA was extracted once with an equal volume of Tris-bu¡ered phenol pH 7.5 and twice with equal volumes of chloroform. Sodium acetate was added to 0.3 M ¢nal concentration and the DNA precipitated by the addition of two volumes of chilled (320 ‡C) ethanol. Precipitated DNA was pelleted at 4800Ug and washed twice in 70% (vol/vol) ethanol in TE. The pellets were desiccated in a vacuum chamber, and then dissolved in TE to a ¢nal concentration of 330 Wg ml 31 .
Con¢rmation of species identity by polymerase chain reaction (PCR)
The presence of IS901 in M. avium strain JD88/118 was con¢rmed by the ampli¢cation of a 252 bp fragment of the insertion element using a sense primer (5P-CTGATTGA-GATCTGACGC-3P) corresponding to bases 133^150 and an antisense primer (5P-TTAGCAATCCGGCGCCCT-3P) complementary to bases 384^366 (IS901 GenBank acc. no. X59272). Reaction conditions and thermocycling parameters were as described previously [28] .
PCR ampli¢cation of 5P-£anking sequences
Sequences lying upstream of IS901 integration sites were isolated by a PCR-based gene-walking technique [29] . Initial low-stringency ampli¢cation was performed using a panel of non-speci¢c sense primers (Table 1) in conjunction with a speci¢c IS901-derived antisense primer (5P-CGACGTCGATACCCACCCACACTC-3P), complementary to bases 263^240 of the published sequence (GenBank Low-stringency ampli¢ca-tion products were then used as template in second round high-stringency PCRs using the same panel of non-speci¢c sense primers as above, and a nested IS901-derived antisense primer (5P-GGCCATACCGCTACTCCTGTC-3P) complementary to bases 229^209. PCR conditions were as described above with the exception that the annealing temperature was increased from 30 ‡C to 63 ‡C. Second round ampli¢cation products were analysed on 1% (wt/wt) agarose gels, Southern blotted and hybridised as described below at high stringency using a £uo-rescein-labelled 224 bp PCR fragment corresponding to bases 6^229 of IS901. This strategy speci¢cally selected ampli¢cation fragments comprising 3P-termini corresponding to the ¢rst 229 bp of the 5P-end of IS901 and unknown upstream £anking sequence towards the 5P-termini. Such fragments were excised from further agarose gels and recovered using a QIAquick Gel Extraction Kit (Qiagen) in accordance with the manufacturer's recommendations.
PCR ampli¢cation of 3P-£anking sequences
5P-£anking sequences (see above) obtained from M. avium strain JD88/118 were used to conduct BLAST searches to identify homologous sequences and corresponding IS901 integration sites in the M. avium strain 104 genome. Contiguous downstream sequences were then used to design speci¢c primers that would enable the ampli¢cation of sequences £anking the 3P-termini of individual copies of IS901 (Table 1) . Each primer was designed to have a T m value similar to that of the sense primer (67.8 ‡C) and enable the ampli¢cation of 372^820 bp of sequence downstream of each IS901 integration site. Each of these antisense primers was used in conjunction with a speci¢c IS901-derived sense primer (5P-TGTTCTACCTCGCCGCCCTGTCCA-3P), corresponding to bases 1233^1256 of the published sequence (GenBank acc. no. X59272). Reaction conditions and thermocycler parameters were as described for high-stringency ampli¢cation of upstream £anking regions with the exception that annealing was performed at 65 ‡C. PCR fragments of interest were identi¢ed by hybridisation against a labelled 220 bp PCR fragment corresponding to bases 1233^1452 of IS901. This strategy speci¢cally selected ampli¢cation fragments comprising 5P-termini corresponding to the 3P-end of IS901, and downstream £anking sequence towards the 3P-termini. DNA fragments were recovered from agarose gels as described above.
Cloning and nucleotide sequencing
Recovered ampli¢cation products were cloned using the pGEM 0 -T Easy Vector System (Promega) and the resulting constructs used to transform high-e⁄ciency competent Escherichia coli JM109 cells (Promega) in accordance with the manufacturer's protocols. Recombinants of interest were identi¢ed by preparing colony arrays of 100 transformants per grid on Hybond N+ (Amersham Biosciences) nylon membrane [30] , and screening by DNA hybridisation as described. Small-scale preparations of plasmid DNA were prepared from E. coli transformants using the QIAprep1 Spin Plasmid Miniprep Kit (Qiagen) in accordance with the manufacturer's recommendations. Cloned DNA fragments were sequenced bidirectionally by the dideoxy chain-termination method. All nucleotide sequencing was performed on an ABI Prism1 377 DNA sequencer.
Southern hybridisation and DNA labelling
Ampli¢ed DNA fragments were separated in 1% agarose gels and transferred to Hybond N+ nylon membrane (Amersham Biosciences) [26] . Probe DNA was labelled using the Gene Images CDP-Star Random Prime Labelling Module (Amersham Biosciences) in accordance with the manufacturer's recommendations. Hybridisation was performed at 65 ‡C over 15^16 h. Final probe concentration was 5 ng ml 31 of liquid block (Amersham Biosciences). Initial low-stringency washes (3U5 min) were carried out in 1Ustandard sodium citrate (SSC)/0.1% (wt/vol) sodium dodecyl sulphate (SDS) at 42 ‡C. Higher-stringency washes (3U5 min) were performed in 0.1USSC/0.1% (wt/ vol) SDS at 65 ‡C. Hybridised probe DNA was detected using the 'Gene Images' CDP-Star Detection Module (Amersham Biosciences) in accordance with the manufacturer's recommendations. Autoradiography was performed using Hyper¢lm electrochemoluminescent (ECL) scienti¢c imaging ¢lm (Amersham Biosciences). Typical exposure times varied between 10 s and 5 min at room temperature.
Sequence analysis
Pairwise alignment of the sequence data obtained from each clone with the 5P-terminal 229 bp, or 3P-terminal 240 bp of IS901 respectively, identi¢ed upstream and downstream £anking sequences. The sequences obtained were edited to remove both IS901 sequences and cloning vector sequences prior to BLAST searching. All sequence editing and alignments were performed using DNA-Star Version 4.00 EditSeq and MegAlign software programmes (DNASTAR Inc.).
Database searches were performed using the BLAST (2.0) programme from the National Centre for Biotechnology Information (NCBI) website covering the GenBank, EMBL, DDBJ and PDB databases, the WU-BLAST 2.0 programme from The Institute for Genome Research (TIGR), BLAST Search Engine for Un¢nished Microbial Genomes and The Sanger Centre Mycobacterium bovis BLAST Server. Preliminary sequence data for M. avium were obtained from TIGR through the website at http:// www.tigr.org.
Identi¢cation of putative promoter sequences on IS901 was performed using the promoter predictor programmes available from the Berkeley Drosophila Genome Project (BDGP) at http://www.fruit£y.org and The Centenary Institute at http://www.centenary.usyd.edu.au.
Results
Nucleotide sequencing and BLAST analysis of upstream £anking sequences
A panel of 61 non-speci¢c primers was used in conjunction with nested antisense primers derived from the 5P-end of IS901 to yield a total of 57 PCR ampli¢cation products. Analysis of these ampli¢ed fragments revealed 17 distinct sequences amongst multiple duplications. Seventeen of the non-speci¢c primers that generated distinct upstream sequences are shown in Table 1 . Ampli¢ed fragments consisted (5P^3P) of unknown M. avium JD88/118 genomic sequence, the 5P-terminal 229 bp of IS901 and varied in size between 250 and 2800 bp. Preliminary analysis of upstream £anking regions revealed that, with the exceptions of loci 10 and 13, all sequences immediately preceding the 5P-termini of IS901 insertions conformed to the consensus target sequence 5P-CAT(N 5À8 )* where the asterisk represents the point of integration (Fig. 1) .
BLAST N analysis of all 57 upstream £anking sequences against the M. avium strain 104 un¢nished genome database (TIGR) revealed a total of 17 distinct sequences extending upstream from the 5P-terminus of IS901. Fourteen of these sequences (loci 1^14) were shown to share signi¢cant homology (75^98%) with distinct loci on the M. avium strain 104 genome, while three others (loci 151 7) did not ( Table 2 ). Locus 13 was unusual in that the 5P-terminus of IS901 was truncated by 143 bp (Fig. 1) , although there was 96% homology over 129 bp between positions 357 789 and 357 917 on the M. avium strain 104 genome.
BLAST X and BLAST P searches of the GenBank database with upstream sequence data revealed homologies with nine known or putative proteins of Mycobacterium species and/or other prokaryotic genera (loci 1^6 and 81 0) and two hypothetical mycobacterial proteins (loci 11 and 12) (Fig. 2) . Locus 17, which could not be aligned with the M. avium strain 104 genome, was shown subsequently to comprise two copies of IS901 lying in tandem. Five others (loci 7, 13^16) were found not to share signi¢-cant homology with any current GenBank database entries.
Nucleotide sequencing and BLAST analysis of downstream £anking sequences
The identi¢cation and chromosomal location of sequences lying upstream of corresponding IS901 integration sites on the M. avium strain 104 genome facilitated the design of speci¢c antisense primers from regions further downstream (Table 1) . These primers, in combination with a sense primer derived from the 3P-end of IS901, were used to amplify fragments of downstream £anking sequences ranging between 611 and 1059 bp in total. The resulting fragments comprised (5P^3P) 239 bp of the 3P-terminus of IS901 and contiguous unknown JD88/118 genomic sequence lying downstream of IS901 integration sites. Only two of the 14 primers (Av13 and Av14) ( Table 1) did not amplify their intended target sequences successfully. The possible failure of these two particular primers was not unexpected however. In the case of locus 13, the areas of the JD88/118 and 104 genomes that corresponded to the IS901 upstream £anking region were noted to lack conformity with the consensus insertion target site. Firstly, 5P-GAT(N 7 )* was substituted for 5P-CAT(N 7 )* and secondly, a contiguous *TTCCTTTC-3P-like motif (see below) was absent on the M. avium strain 104 genome. Together, these di¡erences probably re£ect further and greater levels of sequence disparity between the two genomes downstream of IS901 at this particular locus. In the case of the IS901 integration site at locus 14, very low homology was observed between the two M. avium genomes over the ¢rst 165 bp of sequence lying immediately upstream of the IS901 5P-terminus. Because of the Table 2 Positions on the M. avium strain 104 genome corresponding to IS901 integration loci on the M. avium strain JD88/118 genome and percentage sequence identity observed between IS901 £anking sequences (5P and 3P) on M. avium strain JD88/118 and homologous regions on strain 104 ces extending immediately from the 3P-termini of IS901 insertions revealed that seven loci (1, 2, 5, 7^9 and 11) conformed to the consensus target *TTCCTTTC-3P, where the asterisk represents the point of integration (Fig. 1) . The remaining ¢ve loci (3, 4, 6, 10 and 12) were observed to deviate slightly from the consensus whilst remaining in broad overall agreement. BLAST N analysis revealed high levels of homology (95^99%) with corresponding loci on the M. avium strain 104 genome (Table 2) .
BLAST X and BLAST P searches of the GenBank database with downstream sequence data revealed homologies with two known mycobacterial proteins (loci 5 and 11) and six hypothetical proteins including four of Mycobacterium species (loci 1, 2, 6 and 12) and two of other prokaryotic genera (loci 3 and 10) ( Table 2 ). The downstream sequences of four other fragments (4, 7^9) could not be shown to share signi¢cant homology with any current GenBank database entries.
Upstream and downstream £anking sequences corresponding to IS901 integration loci 1^17 have been assigned GenBank accession numbers AF527957Â F527973 respectively.
Discussion
A two-step nested PCR technique was used to generate nucleotide sequence data on regions of the M. avium chromosome that £ank multiple copies of the genomic insertion element IS901. Validation of the approach and its application to the analysis of high G/C content genomic DNA was provided by the identi¢cation of 17 distinct IS901 chromosomal integration sites. Genomic integration of IS901 was noted to occur in a single orientation relative to the consensus target insertion site, but in both sense and antisense orientations relative to the genome, in four and 10 copies respectively. The orientation of insertion for three further copies could not be determined due to the lack of any signi¢cant sequence homology between strains JD88/118 and 104. Like IS900 insertion in M. a. paratuberculosis [31, 32] , targeted integration of IS901 was observed to occur at a position situated between a putative RBS and 5^9 bp upstream of the translational start of an ORF. Translational start codons were represented most commonly by ATG, but notable substitutions (GTG and ATC, the latter not being representative of a recognised start codon), were made at loci 10 and 13, respectively. By virtue of its 5P-terminus (TTCCTT), unidirectional insertion of IS901 relative to the consensus target integration site was observed to restore a putative RBS in front of the translational start codon. However, one obvious exception to this general rule was observed at locus 13 where the 5P-terminus of IS901 was truncated by 143 bp (Fig. 1) . In addition, examination of the 5P-terminal 500 bp of IS901 revealed the presence of a number of putative outwardfacing endogenous promoter sequences (data not shown).
However, it should be emphasised that there are currently no experimental data to suggest that any of these putative promoters are capable of driving the expression of downstream ORFs. The precise nature of any in£uence that IS901 insertion may exert upon the transcription and translation of adjacent ORFs will require laboratory investigation and experimental con¢rmation.
BLAST N searches of the un¢nished M. avium strain 104 genome sequence (TIGR) revealed high levels of homology (75^99%) over the upstream and downstream £anking regions of 12 integration loci and upstream £ank-ing regions of two further loci. The results of these BLAST N comparisons generally re£ect the close genomic similarity among the subspecies of M. avium [33^35]. However, the failure to identify signi¢cant homology between the upstream £anking sequences of loci 15 and 16 and the M. avium strain 104 genome could be indicative of regions of genomic di¡erence between IS901 þ and IS901 3 M. avium. Such regions have been reported recently for M. a. paratuberculosis and M. avium strain 104 [37] . Genetic variation between closely related strains can be mediated by insertion elements as has been exempli¢ed by the Mycobacterium tuberculosis complex [38] . If this is indeed the case, it may have important implications in determining the molecular basis of the observed phenotypic di¡erences between IS901 þ and IS901 3 M. avium. BLAST X and BLAST P searches of the GenBank database with 29 individual IS901 £anking sequences revealed signi¢cant levels of amino acid sequence identity (251 00%) with the translation products of 20 prokaryotic gene homologues (Fig. 2) . Among these, 18 were shown to share sequence identity with proteins of mycobacterial origin and 16 with homologues of the annotated M. tuberculosis genome [36] . Six of the sequences demonstrated no signi¢cant homology to any current GenBank database entries. Those proteins that were assigned putative functions fell into a number of functional categories including 'virulence, detoxi¢cation and adaptation' (bacteriocin on locus 2 and catalase HPII (katE) on locus 9); 'lipid metabolism' (putative acyl-CoA dehydrogenase (fadE3) on locus 3 and putative enoyl-CoA hydratase/isomerase on locus 4); 'information pathways' (histidyl tRNA synthase on locus 14); 'cell wall and cell processes' (putative transmembrane protein on locus 5 and immunoprotective extracellular protein precursor on locus 8); 'intermediary metabolism and respiration' (short-chain dehydrogenase and hydroxylase on locus 6); 'regulatory proteins' (translation initiation factor on locus 5, putative two-component sensor protein on locus 10 and transcriptional regulator (TetR family) on locus 11).
At the present time detailed knowledge of precisely how genomic integration of individual copies of IS901 modulates the expression of contiguous ORFs is not available. Consequently, it is impossible to predict how any given permutation of a¡ected genes might contribute towards the phenotypic di¡erences observed in IS901 þ strains of M. avium relative to IS901 3 strains. Also, it is interesting to note that in the case of three integration loci (1, 2 and 12), insertion of a copy of IS901 occurs in a region of the M. avium genome where local synteny can be compared directly with corresponding regions of the M. tuberculosis genome. The high degree of sequence conservation observed suggests that these regions are potentially important in mycobacterial biology. Generally, the IS element appears to have inserted into the short intergenic region of two contiguous genes and thus within hypothetical operons. As such any consequent modulatory e¡ects on expression of the distal gene may have signi¢cance in delineating phenotypic di¡erences between IS901 þ and IS901 3 M. avium.
